The history of the potential and electrical current evolution of an industrial chlor-alkali membrane electrolyser is a powerful tool to track its operational efficiency progress over time and for deciding the required maintenance instants. For this reason, the performance of a dedicated industrial NaCl electrolyser was systematically analysed as a function of its service time for about 8 years, recording the cell potential versus current density. The documented potential values were normalized taking into account the initial current density, which allowed to reduce data scattering due to small fluctuations of the current density values. The ohmic overpotential contribution, associated to the ion-exchange membranes, showed an average relative error smaller than 3% and the activation overpotential, related to the electrodes' performance, displayed an average relative error of 6%. Thus, the proposed approach enables rigorous assessing of the performance of industrial chlor-alkali membrane electrolysers for adequate scheduling of their maintenance, which leads to significant operational and economic improvements of the chlor-alkali process.
Introduction
Chlorine gas is an important chemical commodity in the modern industry, mainly produced via electrolysis of a concentrated aqueous solution of sodium chloride, which demands high-energy consumption. In 2016, the European chlorine production represented nearly 9.7 million tons and the membrane electrolyser technology corresponded to ca. 64% of the chlorine production capacity [1] . It should be stressed that the electrolysis units installed during the last decades are almost exclusively based on membrane technology, which is considered the best available technique in the chlor-alkali industry. Membrane technology presents numerous advantages over older technologies, such as higher energy efficiency, lower environmental impact and higher purity of the produced caustic soda that the mercury-based method. Developments in the membrane and electrodes fields are further driving this process to improved energy efficiency levels [2] .
A membrane electrolyser module consists in a set of single cells. In the case study, considered in the present work, the investigated membrane electrolyser was connected in parallel and its membrane cell elements were disposed in series electrolyser in a stack arrangement, where the electrodes have two different coating surfaces corresponding to the anode and to the cathode, respectively. This configuration is the most common in the modern chlor-alkali industry, therefore it is the one considered in this study [3] .
Its three major components are: a cation-exchange membrane, a dimensionally stable anode (DSA ® ) and a nickel-based cathode. At the anode, chloride oxidation to chlorine occurs releasing electrons to the cathode half-reaction, where hydrogen and hydroxyl ions are produced from the water reduction; the sodium ions migrate across the membrane to the cathode compartment and combine with the hydroxyl ions produced at the cathode, thus originating sodium hydroxide [4] . The thermodynamic redox potential for the operating conditions applied (temperature and composition) is 2.23 V [5] , corresponding to a value of 2.19 V at 25 • C. 2NaCl (aq) + 2H 2 O (l) → Cl 2 (g) + H 2 (g) + 2NaOH (aq) (1) The growth of the electromembrane processes and the availability of the selective and stable ionically conductive materials has opened a very promising field for the chlor-alkali industry [2] . Nowadays, the bilayer cation-exchange membrane is usually made of perfluorinated sulfonated materials with a low ohmic resistance and high sodium selectivity. The membrane configuration allows the movement of Na + cations and water molecules while preventing the back migration of Cl − and OH − anions, even under high current densities and ionic concentration gradients [6] . The membrane is made by a thick layer of tetrafluoroethylene functionalized with sulfonic acid groups at the anode side and a thinner layer of tetrafluoroethylene functionalized with carboxylic groups facing the cathode side. The sulfonic functionalized layer assures proton conductivity, while the carboxylic functionalized layer plays a major role for electrostatic repulsion of OH − anions. The electrodes should be in a close contact with the cation-exchange membrane, to minimize the ohmic overpotentials on the electrolyte phase. A reduced spacing between the electrode and the membrane allows also for reducing the mass transport overpotential related to the removal of the gaseous products from the inter electrode phase [2] .
As for the electrodes, the development of dimensionally stable anodes, DSA ® , contributed to energy savings in the chlorine industry due to their low activation overpotentials and stability [7] [8] [9] . DSA ® anodes were developed and commercialized back in the 1970's; they are made of a mixture of ruthenium and titanium oxides applied on a titanium substrate. Ruthenium oxides have excellent electrocatalytic properties, but other transition metal oxides are also used to increase the coating stability during the chlorine evolution reaction, of which iridium oxides present the best mechanical properties [7, 8] . Therefore, nowadays, the composition of the electrodes used in industrial chlor-alkali processes is based on TiO 2 -RuO 2 -IrO 2 applied on a Ti-support [10] . Traditionally, the ruthenium-titanium based oxides exhibit chlorine overpotentials between 40 and 60 mV, for current densities of 0.20-0.25 kA·m −2 with 5 M NaCl solutions and temperatures of around 85 • C. However, after a prolonged operation, the electrocatalytic activity decreases and the anode overpotential can reach 300-400 mV at the final stage with an exponential evolution, a point, at which the anode is considered 'deactivated' [10] .
Previous research works showed that the anode deactivation contributes significantly to increasing the electricity consumption. The deactivation mechanisms of the electrodes are dependent on the operating conditions, where pH of the brine and the electrolysis temperature are the most important parameters [11] [12] [13] . One of the best practices in the chlor-alkali industry is an anolyte acidification that helps to reduce the oxygen content in the cell gas products. The pH of the brine is most commonly lowered by adding HCl for neutralizing the back-migrated OH − into the anolyte, which leads to the formation of oxygen at the anode [12, 13] .
The main anodic reaction is the chlorine evolution reaction, CER, which requires a thermodynamic potential of 1.36 V at 25 • C vs. SHE (Standard Hydrogen Electrode) [6] .
In addition to the chlorine evolution, the undesired oxygen evolution, mainly by water oxidation:
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in which the electrode potential is 1.23 V vs. SHE at 25 • C [6] also occurs, especially outside the optimum process operational pH "window" of 2 to 4 [12] . This reaction is thermodynamically favourable, but the DSA ® electrode strongly favours the CER. Industrially, the ratio of the chloride ions in the anolyte inlet to the total amount of electric current used by the anode, so-called anodic current efficiency, is monitored to assess the relevance of parasitic reactions as water oxidation. Typically, DSA ® anodes have an anodic current efficiency between 95% and 97% [14] . Carbon steel electrodes were first used in diaphragm cells for the hydrogen evolution reaction, HER, at the cathode compartment. In the 1990s, after the successful commercialization of ion-exchange membrane-based cells, cathodes with new compositions (such as nickel or nickel with ruthenium oxide coated, so-called Raney nickel cathodes, Ni-Al) and greater surface areas became available and displaying higher corrosion stability and catalytic activity for the HER. In the chlor-alkali typical operating conditions, nickel is a competitive material, because it combines a good electrocatalytic activity with stability under alkaline conditions and supports higher temperatures (up to ca. 80 • C) [15] . Raney nickel cathodes exhibit an overpotential up to ca. 120 mV in the high current density region [6] .
The cathode promotes the half-reaction of water decomposition to produce hydroxide ions and hydrogen and the associated thermodynamic potential is −0.83 V at 25 • C vs. SHE [6] .
Consequently, sodium hydroxide is formed from the hydroxide and sodium ions. If hydroxide ions migrate into the anode side, in addition of losing cathodic product, it would combine with dissolved chlorine gas to produce hypochlorite ions, which is an unwanted side reaction:
The energy efficiency of the chlor-alkali process depends on the overpotentials associated with each component, namely the membrane, the electrodes and the concentration polarization. The overall cell potential is the sum of cathode, anode, membrane, electrolyte and hardware [6] : (6) where E therm represents the redox thermodynamic potential for the operating conditions (temperature and composition), the η act = η a + (−η c ) represents the anodic and cathodic activation overpotentials. The membrane, hardware and electrolyte-related overpotentials can be calculated using the Ohm's law,
. However, Equation (6) does not consider the concentration overpotential term because the concentration of NaCl and NaOH in the anode and the cathode are high, therefore, the electrolyte resistance can be considered negligible. Most of the maintenance of a membrane electrolyser is related to the membrane, which affects the ohmic resistance proportionally to the extent of the affecting area. A preventive maintenance strategy is usually followed based on the potential of the cell, replacing the membrane before electrolyte exchange between the cathode and anode compartments destroys the electrodes.
The DSA ® activation overpotential grows exponentially at the final stage of its service time due to the deactivation of the electrode [10] . This overpotential increase is a result of the coating erosion, selective electrochemical dissolution of ruthenium, blockage of the active surface site due to insoluble species and the formation of an insulating TiO 2 layer at the coating-substrate interface [10, 16] . The overpotential associated with the cathode surface corrosion grows smoothly making possible, until a certain extent, to keep the current density by increasing the cell's potential [11] .
For the reasons given above the deactivation of the electrode, an excessive electrode service time contributes to increase of the energy operating costs of NaCl electrolysis. However, the recoating or replacing of the electrodes is very expensive due to the use of noble metal oxides on the electrode surface. Therefore, scheduling the maintenance instants of an electrolyser should be carefully made, balancing the increase of energy costs over time, based on the evolution of the potential as a function of time for a specific current density, and the obtained productivity with the replacement costs and the substantial catalyst losses increase that happens during the shutdowns and start-ups of the electrolyser [10] . Therefore, it is essential to have a rigorous criterion to decide when to perform the preventive maintenance of the electrodes and membranes. It should be emphasized, for instance, that the under current performance of a cell compromises the whole stack for cells associated in series.
Materials and Methods
Bondalti uses electrolyser modules with bipolar cell configuration. Each bipolar electrode has an effective area of around 3 m 2 equipped with DSA ® anodes and Raney nickel cathodes [6] . The performance history of one of the industrial bipolar electrolysers was recorded and analysed for eight years. A bipolar electrolyser is a stack of cells connected in series; the cathode of one cell is connected directly to the anode of the adjacent cell, receiving then the same electrical current- Figure 1 . The potential was measured for each cell and used to assess the performance of the electrolyser.
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The loss of energy efficiency in a chlor-alkali process is mostly related to the activation overpotentials and ohmic overpotentials associated with the membrane, hardware and electrolyte. At each electrode, the activation overpotential, η act , is related to the electrochemical kinetics and affects the total current density, j, which according to the Butler Volmer equation, relates to the activation overpotential as follows [18] :
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Parameters α and j 0 depend on the composition and pH of the electrolyte and on nature and surface characteristics of the coatings of the electrodes. The overpotential can, thus, be obtained by a linear regression:
where the parameter b is called Tafel slope. Under Tafel conditions, normally for η > 50 mV [6] , Equation (9) can be introduced into Equation (6):
E as a function of j, as described by Equation (10), is not linear but experimentally it follows a mostly linear relationship over the current density range of 2 kA·m −2 to 5 kA·m −2 , corresponding to the Tafel region. In this way, E vs. j values can be fitted using Equation (11), where k-factor corresponds to the slope of the E vs. j curve and E 0 is the interception or the open circuit potential [6] :
where:
This linear approach is usually called k-factor analysis. Since the overall ohmic resistance is normally dominant, it is usually considered that the k-factor depends mostly on the ohmic overpotential, where the membrane has the major contribution [6] .
Blair [19] proposed to record the potential of small groups of cells connected in series and to compare it with a reference potential. An alarm would be activated, and the supply of energy to the cell disconnected, whenever the measured potential varies from the reference potential by more than a preset potential [19] . In a day to day operation, the imposed current density fluctuations result in a potential change. Consequently, it is important to remove these fluctuations from the overpotential analysis. Themblay [20] proposed an improvement to the previous approach by Blair correcting the real potential for a reference constant current density, according to the Equation (14) .
where E j,ref is the corrected potential for a reference current density (j ref ). Here, it is assumed again that the ohmic overpotentials dominate within the Tafel region. This work aims at estimating the overpotentials related to the membrane and to the activation of the anode and the cathode. Therefore, the experimental values of E vs. j were analysed, removing the values outside of the Tafel region and calculating a monthly average for producing a pair of values per month. These values outside of the Tafel region are mostly related to shut-down and start-up occurrences; consequently, it was only considered the pair of values with a potential higher than 2.3 V and current densities of higher than 2 kA·m −2 . Industrially, a set of cells or even the whole membrane electrolyser is normally considered for the potential versus current analysis. For this reason, E values considered are the average of all cells corrected for a reference current density value using Equation (14) . In this equation, the reference current density was set to the average current density of the first operating month and E 0 was obtained based on Equation (11) , upon fitting to the experimental results for each month. Consequently, Equation (14) can thus be written for each operating month as:
where E 0 was estimated based on Equation (11) for each month of a membranes and electrodes set i, j i,0 is the average current density of the first operating month, and j is the average current density of the actual month. For each month, the corrected potential outlier values, E ji,0 , were removed based on the "box-and-whisker" statistical analysis [21] . From Equation (15) fitting it becomes possible to associate the increase of the corrected potential to the activation and ohmic overpotentials:
where η act is the activation overpotential for each set of electrodes operating month and η Ω,I the ohmic overpotential associated for each set of membranes and electrodes i.
Results and Discussion
The monthly potential, E, and current density, j, histories of an industrial electrolyser between 2008 and 2016 are shown in Figure 2 .
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Typically, E 0 takes a value between 2.20 and 2.60 V and k-factor between 0.05 and 0.15 V·kA −1 ·m 2 , when the membrane surface area is equal to 1.5 m 2 , according to good operating principals for the chlor-alkali industry [22] . For a membrane area of 5.4 m 2 , E 0 should be between 2.40 and 2.80 V and the k-factor between 0.15 and 0.25 V·kA −1 ·m 2 . For the investigated bipolar membrane electrolyser, electrodes display a surface area around 3 m 2 . The first sets of electrodes and membranes (#e1 and #m1) display E 0 values between 2.49 and 2.60 V and k-factor between 0.14 and 0.19 V·kA −1 ·m 2 -cf. Figure 3 . These results are within the reported normal range of k-factor. In this period, the k-factor values are smaller, which indicates a smaller ohmic resistance related to the use of different type of membranes.
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The average of the relative error, ε, between the actual values of E ji,0 , η Ω,I , and η act and the corresponding linear regression are given in Table 2 , together with the actual values for each instants. The average relative error of the activation overpotential is 6% and of the ohmic overpotential is 3%. Concerning the average of the relative error of the normalized potential, it is quite small, <0.5%. It can, therefore, be concluded that the methodology presented allows for discriminating the performance over operation time of the most critical elements in an electrolyser: electrodes and membranes, which can be therefore used for scheduling their preventive maintenances.
The developed methodology allows to estimate the energy cost of a given set of membranes/electrodes over its period of operation based on the overpotentials increase. Moreover, if the costs of acquisition and replacement of all elements and their respective amortization period are known, the average value of the maintenance costs can be calculated. Thus, the intersection between the maintenance cost and operating cost can be considered as the ideal replacement time for each set of membranes/electrodes.
Conclusions
A methodology was proposed to follow the ageing of electrodes and membranes of a chlor-alkali membrane electrolyser. The developed methodology is based on the potential difference and current density histories of an industrial bipolar electrolyser data collected every 15-min for about approximately eight years.
The NaCl electrolysis data was organized monthly and the values outside of the Tafel region were removed, which permitted to calculate the average of all cells' potential and the current density.
The monthly open circuit cell potential was obtained from potential and current density curves of the electrolyser. The cell potential was then normalized taking into account the initial current density (when occurs the membranes or membranes and electrodes replacements) and depending on the type of elements used; this procedure allows removing from the experimental data the potential variations associated to small current fluctuations. The normalization made possible to associate the increase in ohmic and activation overpotentials with the electrodes and membranes service time. In the considered case study, the calculated average relative error of the activation overpotential was 6% and of the ohmic overpotential was 3%. The overpotential histories associated to the membrane (ohmic overpotential) and to the electrodes (activation overpotentials) allow for deciding the best instant for servicing actions. This decision, therefore, balances the maintenance costs with the over-energy consumption and the risks of a complete failure of the membranes/electrodes. 
